The (V,Al) co-doped ZnO nano-structured powders (Zn 0.9−x V 0.1 Al x O, where x = 0.02, 0.03 and 0.04) were synthesized via the sol-gel technique and their structural and optical properties were investigated. The effect of Al concentration on the structural and optical properties of the Zn 0.9−x V 0.1 Al x O nanopowders was studied using various techniques. The XRD patterns indicate that the samples have a polycrystalline wurtzite structure. The crystallite size increases with increasing the Al content and lies in the range of 23 to 30 nm. The lattice strain, estimated by the Stokes-Wilson equation, decreases when Al content increases. SEM and TEM micrographs show that Zn 0.9−x V 0.1 Al x O powders are the agglomeration of nanoparticles having spherical and hexagonal shapes with dimensions ranging from 20 to 30 nm. FT-IR spectra show a distinct absorption peak at about 500 cm −1 for ZnO stretching modes and other peaks related to OH and H 2 O bands. Raman spectra confirm the wurtzite structure of the Zn 0.9−x V 0.1 Al x O nanoparticles. The direct band gaps of the synthesized Zn 0.9−x V 0.1 Al x O nanopowders, estimated from the Brus equation and the crystallite sizes deduced from XRD, are around 3.308 eV. The decomposition process of the dried gel system was investigated by thermal gravimetric analysis (TGA).
Introduction
In recent years, nanostructure materials have attracted a great deal of attention because of their versatile and remarkable physical, optical and electronic properties. Particularly, ZnO is a wide band gap semiconductor (3.3 eV) with a high exciton binding energy (60 meV) at room temperature, which has received more and more attention in the material science due to its various expected applications. ZnO nanomatererials have been realized by various techniques including thermal * E-mail: amor.sayari@laposte.net evaporation [1] , chemical vapor deposition [2] , sputtering [3] , spray pyrolysis [4] , pulsed laser deposition [5] and sol gel processes [6] [7] [8] . Among these methods, the sol gel process is particularly attractive because of its simplicity and acceptable costs for the large scale fabrication of nanostructure ZnO.
Doping is an effective method to modify the physical properties of a base material in order to extend its applications. Relevant reports on ZnO doped with group IIIA, VB, VIIB and VI-IIB metals, such as Al, V, Mn and Co indicate that the doping effect improves the optical, electrical and magnetic properties of the ZnO [9] [10] [11] .
Additionally, Al doped ZnO films are useful materials for variety of applications, including transparent electrodes in flat panel displays, light emitting diodes, solar cells and gas sensors [12] [13] [14] [15] . Al doped nanomaterials, which are nontoxic, high transparent and low cost materials, have competitive properties as compared to indium tin oxide. Thus, investigations on optical, structural and vibrational properties of Al doped ZnO nanostructure materials are of great importance. However, the investigation of doping and co-doping effects on the morphology and other properties is actually insufficient and needs further studies. Few works on ZnO films co-doped with Al and transition metals have been devoted to the study on their optical, electrical and magnetic properties [16, 17] . The Al and transition metal co-doped ZnO films are important functional materials for optoelectronic and magnetoelectronic applications. The usually used transition metals are Co, Mn and V.
In this research, we have investigated (V,Al) codoped ZnO nanopowders (Zn 0.9−x V 0.1 Al x O, where x = 0.02, 0.03 and 0.04) synthesized by the solgel process in order to study the change in the shape, structure and optical properties of resulting materials. The morphology and structure of the Zn(V,Al)O nanopowders were studied using scanning electron microscopy (SEM) and X-ray diffraction (XRD). The optical and thermal analysis measurements of the nanopowder samples were measured using an FT-IR spectrophotometer and a thermal gravimetric analyzer. All the results have been discussed in relation to doping concentrations. Crystallite phase and orientation were evaluated by X-ray diffraction (Philips X'pert diffractometer) supplied with copper X-ray tube (λ kα1 = 1.5406Å), nickel filter, graphite crystal monochromator, proportional counter detector, divergence slit 1°and 0.1 mm receiving slit. The working conditions were 40 kV and 30 mA for the X ray tube, scan speed 0.05°and 2 s measuring time per step. The transmission electron microscopy (TEM) measurements were performed with a JEM-200CX microscope. The Raman spectra were performed at room temperature with a Labram system equipped with a microscope in backscattering configuration. The excitation line at 514.5 nm was from an Ar + laser. FT-IR spectroscopy (Thermo Scientific Nicolet iS10 FT-IR Spectrometer) was used at room temperature in the range of 450 to 4000 cm −1 with a resolution of 4 cm −1 . Thermal gravimetric analysis (TGA) curves of the (V,Al) co-doped ZnO nanopowders were obtained using a TG-DTA apparatus (PerkinElmer). Approximately 2.9 mg of a sample was placed in a platinum crucible on the pan of a microbalance and heated from 35 to 950°C at a rate of 10°C·min −1 .
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Structural and morphological characterization
Typical XRD patterns obtained for various samples of Zn 0.9−x V 0.1 Al x O nanocrystals are shown in Fig. 1 . Except the intensity reduction and a slight shift of XRD peaks to higher angles for the sample Zn 0.9−x V 0.1 Al x O (x = 0.03), no difference in XRD patterns was found in the other samples (x = 0.02 and 0.04). For each sample, the reflection peaks show completely hexagonal wurtzite structure with no secondary phases (related to V and/or Al atoms) within the detection limit of our XRD [18] . The XRD measurements indicate that these nano-sized Zn 0.9−x V 0.1 Al x O particles are highly crystallized and all the diffraction peaks match well with Bragg reflections of the standard wurtzite-type ZnO structure [18] . The crystallite size of the Zn 0.9−x V 0.1 Al x O nanopowders (d), calculated from the widths of the major diffraction peaks observed in Fig. 1 using the Scherrer formula [19] , are given in Table 1 . The average crystallite sizes range from 23 to 30 nm. From Table 1 it is clear that crystallite size increases with increasing the Al content. For all the Zn 0.9−x V 0.1 Al x O nanoparticles the lattice parameters, given in Table 2 , are slightly smaller than those of pure ZnO. Certainly, the incorporation of V and Al ions, which have smaller sizes than that of Zn, is responsible for the observed effect. Moreover, it is seen from Table 2 that the lattice constants slightly decrease at x = 0.03 compared to those for x = 0.02 and 0.04. The ratio of a/c of Zn 0.87 V 0.1 Al 0.03 O is 0.623, which is slightly smaller than that of pure ZnO (0.624), which might be due to the incorporation of more Al ions for this Al composition (x = 0.03). This is confirmed by the small shift in XRD peaks for x = 0.03 (Fig. 1) , which implies systematic replacement of Zn ions by Al ions in the lattice without changing its wurtzite structure. The lattice strain was also calculated according to Stokes-Wilson equation and is given in Table 1 . We note that this parameter decreases when the Al content increases in accordance with the increase of the grain size. Fig. 2 shows SEM images of the Zn 0.9−x V 0.1 Al x O nanopowders. The nanoparticle morphology does not change significantly with increasing Al content. SEM images show a mixture of nanoparticles, where the grains have different sizes and shapes (spherical and hexagonal). The largest portion of the powder is agglomerated, but some separated particles are also found (Fig. 2) . According to the SEM analysis, hexagonal prismatic particles with a broad particle size distribution are observed (Fig. 2b) . The aerogel powders are composed of nanometer sized particles as confirmed by TEM micrograph of the Zn 0.87 V 0.1 Al 0.03 O sample (Fig. 3a) . The grain size estimated using TEM micrographs and the 100 nm scale bar ranges from 20 to 30 nm. The later values are very similar to those deduced from XRD measurements and the Scherrer equation (Table 1 ). The EDX spectrum of the Zn 0.87 V 0.1 Al 0.03 O sample, presented as example in Fig. 3b , shows signals directly related to the dopants. Zn and O appear as the main components with low levels of V and Al, which confirms the formation of Al and V co-doped ZnO.
In order to extract the band gap energy (E g ) of the Zn 0.9−x V 0.1 Al x O nanopowder samples, the values of the crystallite sizes obtained from XRD measurements have been inserted into the Brus equation, which is derived from the effective mass model [20] . The obtained values of E g , listed in Table 2, are around 3.308 eV. The different parameters of ZnO bulk used in the Brus equation were taken from [21] .
TGA analysis
The thermal behavior of dried Zn(V,Al)O gel has been investigated by thermal gravimetric analysis (TGA). Fig. 4 depicts the results of the TGA measurements of the nano-sized Zn 0.9−x V 0.1 Al x O particles. It can be seen that the sample weight decreases continuously with the increase in temperature before reaching a stable value at 700°C (Fig. 4) . The TGA curves of all the samples show two weight loss stages between 100 and 410°C, and between 410 and 700°C. The mass losses for the temperature range of 100 to 410°C are ∼3, 5 and 6 % for x = 0.02, 0.03 and 0.04, respectively. While in the temperature range of 410 to 700°C, the mass losses are ∼7, 8 and 9 % for x = 0.02, 0.03 and 0.04, respectively. The first weight loss stage corresponds to the dehydration of Zn 0.9−x V 0.1 Al x O nanopowders and decomposition of zinc acetate by combustion. However, the second stage is related to the release of entrapped gases formed during the decomposition of acetate ions [22] . The obtained residue is around 90 % (pure ZnO phase).
Raman scattering
Room temperature Raman spectra of Zn(V,Al)O nanopowders, synthesized by the sol-gel process, are shown in Fig. 5 . At the low frequency region, the peaks at 180, 320, 370, 410 and 433 cm −1 are attributed, respectively, to the 2E 2 (low), 2E 2 (M), A 1 (TO), E 1 (TO) and E 2 (high) modes [23] . The observation of the later modes indicates that the Zn(V,Al)O product has a wurtzite structure as confirmed by XRD analysis [24] . The intense peak around 713 cm −1 can be assigned to combinations of LA and TO modes at the M point. The relatively intense peak located at about 500 cm −1 could be assigned to multiphonon scattering of the E 1 (TO) and E 2 (low) modes.
Phonons in a nanocrystal are confined in space and all types of phonons over the entire Brillouin zone contribute to the Raman spectrum. The Raman peak at 576 cm −1 may be due to the A 1 (LO) mode [25] . Recent reports have considered the appearance of this mode in relation to lattice defects, being either oxygen vacancies or zinc interstitials or their combination [26, 27] . Fig. 6 illustrates the FT-IR spectra of the Zn 0.9−x V 0.1 Al x O nanopowder samples in the range of 500 to 4000 cm −1 at room temperature. In the FT-IR spectra of the synthesized products, there is a significant spectroscopic band at around 500 cm −1 . This is the characteristic band of ZnO [28] . The peak at 680 cm −1 is probably due to nitrate (NO 
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Conclusion
In summary, Zn 0.9−x V 0.1 Al x O nanopowders with crystallite size in the range of 23 to 30 nm were prepared at various Al concentrations (2, 3 and 4 at.%) using the sol-gel technique. The protocol of elaboration was based on slow hydrolysis of the precursor using an esterification reaction, followed by a supercritical drying in EtOH. The properties of the powder samples were discussed in details. The effect of various aluminum concentrations on the structure, morphology and 
